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Crystal Structures of Two Sm Protein Complexes
and Their Implications for the Assembly
of the Spliceosomal snRNPs
RNA±RNA interactions to allow the trans-esterification
reactions to occur (Moore et al., 1993; Nilsen, 1994).
The snRNPs are named after their RNA components:
the U1, U2, U4/U6, and U5 snRNPs contain U1, U2, U4/
U6, and U5 small nuclear RNAs (snRNAs), respectively.
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Hills Road Their protein components are classified into two groups:
specific proteins such as U1A, U1 70K, U2B99, and U2A9,Cambridge CB2 2QH
England present only in a particular snRNP, and the core proteins
common to U1, U2, U4/U6, and U5 snRNPs (LuÈ hrmann² Institut fuÈ r Molekularbiologie und Tumorforschung
Philipps-UniversitaÈ t Marburg et al., 1990; Nagai and Mattaj, 1994). In the spliceosomal
snRNPs from HeLa cell nuclear extract, seven core pro-Emil-Mannkopff Strabe 2
D-35037 Marburg teins, referred to as the B/B9, D1, D2, D3, E, F, and G
proteins, have been identified. The core proteins areGermany
also called the Sm proteins due to their reactivity with
autoantibodies of the Sm serotype from patients with
systemic lupus erythematosus (Lerner and Steitz, 1979).Summary
The Sm proteins form a distinct family characterized
by a conserved Sm sequence motif in two segments,The U1, U2, U4/U6, and U5 small nuclear ribonucleo-
Sm1 and Sm2, separated by a linker of variable lengthprotein particles (snRNPs) involved in pre-mRNA splic-
(Cooper et al., 1995; Hermann et al., 1995; SeÂ raphin,ing contain seven Sm proteins (B/B9, D1, D2, D3, E, F,
1995) (Figure 1A). The shortest G protein contains 75and G) in common, which assemble around the Sm
site present in four of the major spliceosomal small residues and is almost made exclusively of the Sm motif
nuclear RNAs (snRNAs). These proteins share a com- (Hermann et al., 1995), whereas the longest B and B9
mon sequence motif in two segments, Sm1 and Sm2, proteins, which are alternatively spliced products of a
separated by a short variable linker. Crystal structures single gene, contain the Sm motif near the N termini and
of two Sm protein complexes, D3B and D1D2, show differ only at their C termini by 11 residues (van Dam et
that these proteins have a common fold containing al., 1989; Chu and Elkon, 1991). In the absence of U
an N-terminal helix followed by a strongly bent five- snRNA, three stable complexes of the Sm proteins, D3B
stranded antiparallel b sheet, and the D1D2 and D3B (or D3B9), D1D2, and EFG, are found (Lehmeier et al.,
dimers superpose closely in their core regions, includ- 1994; Hermann et al., 1995; Raker et al., 1996). Deletion
ing the dimer interfaces. The crystal structures sug- mutagenesis of the B and D3 proteins demonstrated that
gest that the seven Sm proteins could form a closed the Sm motif is necessary and sufficient for the formation
ring and the snRNAs may be bound in the positively of the D3B protein complex, suggesting that the Sm
charged central hole. motif corresponds to a stable domain that mediates the
Sm protein±protein interactions (Hermann et al., 1995).
The core Sm proteins assemble around a conserved,
Introduction uridyl-rich sequence called the Sm site present in the
U1, U2, U4, and U5 snRNAs to form the core snRNP
The protein coding sequence of the majority of eukary- domain. None of the Sm protein complexes, D3B (or
otic genes is interrupted by noncoding intervening se- D3B9), D1D2, or EFG, can alone associate stably with the
quences (introns). Following transcription into mRNA U snRNA (Fisher et al., 1985; Feeney et al., 1989; Raker
precursors, the introns are excised to form continuous et al., 1996); however, the D1D2 and EFG complexescoding sequences by two-step trans-esterification re- together form a stable subcore snRNP complex with the
actions within a macromolecular assembly called the U snRNA. Further binding of the D3B complex to thespliceosome (Steitz et al., 1988; Baserga and Steitz, subcore domain yields the complete core domain (Raker
1993; Moore et al., 1993). The major components of the et al., 1996).
spliceosome are four RNA±protein complexes, the U1, Formation of the core snRNP domain plays a critical
U2, U4/U6, and U5 small nuclear ribonucleoprotein par- role in snRNP biogenesis. The U1, U2, U4, and U5
ticles (snRNPs). These snRNPs recognize short con-
snRNAs are transcribed by RNA polymerase II and co-
served sequences at the 59 and 39 exon±intron junctions
transcriptionally acquire an N7-methyl-guanosine (m7G)
and the branchpoint within the introns and assemble
cap, also found in mRNAs. They are transported to the
into catalytically active spliceosomes in which these
cytoplasm, where the assembly of the Sm proteins
sites are brought into close proximity by a network of
around the Sm site takes place. The core domain is
required for the hypermethylation of the m7G cap to a
³ To whom correspondence should be addressed (e-mail: kn@ 2,2,7-trimethyl-guanosine (m3G) cap (Mattaj, 1986). The
mrc-lmb.cam.ac.uk). nuclear import of the U snRNPs depends on a bipartite§ Present address: Antisoma Research Laboratories, St. George's
signal consisting of the complete core domain and theHospital Medical School, Cranmer Terrace, London SW17 0QS, UK.
m3G cap (Hamm et al., 1990; Fischer et al., 1993; Plessel‖ Present address: Department of Biomolecular Sciences, UMIST,
PO Box 88, Manchester M60 1QD, UK. et al., 1994), but the requirement for the m3G cap is less
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Figure 1. Primary Structure and Topology of the Secondary Structure of the Sm Proteins
(A) Amino acid sequence alignment of the human Sm (D1, D2, D3, B/B9, E, F, and G) proteins (Hermann et al., 1995) with secondary structure
elements. Wavy line, helix; arrows, b strands. The b strands within the Sm1 and Sm2 motifs are colored blue and yellow, respectively. The b
strands and interconnecting loops are numbered consecutively from the N terminus. The conserved Sm1 and Sm2 motifs are indicated and
the conserved residues within these motifs are highlighted in blue (hydrophobic), gray (hydrophobic, less well conserved), orange (neutral
polar), red (basic), and green (acidic). (B) Topology of the secondary structure elements and pairing of b strands in the B protein. (C) Topology
of the secondary structure elements and pairing of b strands in the D3 protein. The views in (B) and (C) are from the exterior of the bent b
sheet. The secondary structure elements and conserved residues are color coded as in (A), and main chain±main chain hydrogen bonds are
shown as black arrows (intramolecular bonds) or red (intermolecular bonds) pointing from NH to CO. Side chain±main chain and side chain±side
chain hydrogen bonds involving highly conserved residues are also included.
stringent for the U4 and U5 snRNPs (Palacios et al., 1995; Hermann et al., 1995; SeÂ raphin, 1995), and two
Sm-like proteins (Uss1p and SmX3) have been shown1997). The nuclear import of U snRNPs requires recep-
tor-mediated binding of the bipartite signal to importin to be associated with U6 snRNA in yeast (Cooper et al.,
1995; SeÂ raphin, 1995). A set of U6-associated Sm-likeb (Palacios et al., 1997). A receptor for the m3G cap,
snurportin1, has been characterized (Huber et al., 1998). proteins have been identified by yeast two-hybrid sys-
tems and are thought to form the U6-specific core do-Based on sequence homology, canonical Sm and Sm-
like proteins have been identified in a variety of organ- main (J. Beggs and B. SeÂ raphin, personal communica-
tions). In addition to the canonical Sm proteins, theisms, including yeast, plant, and worm (Cooper et al.,
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human U4/U6.U5 tri-snRNP also contains a set of Sm- 1995; Hermann et al., 1995; SeÂ raphin, 1995) (Figure 1A).
like proteins (T. Achsel and R. L., unpublished results). The majority of the conserved residues are hydrophobic
Unlike other major spliceosomal snRNAs, the U6 snRNA (blue), but two glycines (orange), an asparagine (orange),
is transcribed by RNA polymerase III and remains in the two aspartic/glutamic acids (green), and an arginine/
nucleus, where the assembly of the U6 core-like domain lysine (red) are highly conserved. The crystal structure
hence takes place (Baserga and Steitz, 1993). reveals that the D3 and B proteins have a common fold
We report here the crystal structures of two Sm protein containing an N-terminal a helix (helix A) followed by a
complexes. These structures not only reveal the fold of strongly bent five-stranded antiparallel b sheet (Figures
the Sm proteins but also suggest how they assemble 2A±2C). Strands b1, b2, and b3 are part of the Sm1
into the core domain together with snRNA. We have motif, whereas the Sm2 motif forms strands b4 and b5.
reported previously the crystal structures of U snRNP± The topology of the secondary structure elements in the
specific proteins U1A and U2B99/U2A9, bound to their D3 and B proteins are schematically shown in Figures
respective cognate snRNA-binding sites (Oubridge et 1B and 1C with the same residue color code as in Figure
al., 1994; Price et al., 1998). Together with these struc- 1A. The five-stranded antiparallel b sheet is strongly
tures, the crystal structures of the two Sm protein com- bent in the middle such that strand b4 at the top right-
plexes represent an important further step toward un- hand corner in Figures 1B and 1C is joined to strand b5
derstanding of the architecture of the pre-mRNA splicing at the bottom left-hand corner. The side chains of the
machinery. conserved hydrophobic residues (blue) pointing into the
page in Figures 1B and 1C form a hydrophobic core.
Results and Discussion The two halves of the sheet are staggered (Figures 2A
and 2C), so that both surfaces of the b sheet at the
Structural Determination bottom right and top left corners in Figures 1B and 1C
Fragments of the human D3 (residues 1±75) and B (resi- are exposed to the solvent. Strands b2, b3, and b4 are
dues 1±91) proteins consisting predominantly of their strongly bent to allow the formation of the hydrophobic
Sm motifs form a stable complex even in high salt. Crys- core, and the highly conserved Gly (orange) allows the
tals of the complex in the orthorhombic space group severe bending of strand b2. As a result of this bending,
P212121 (a 5 108.3 AÊ , b 5 109.3 AÊ , c 5 111.2 AÊ ) grown the regular pattern of alternating internal and external
from citrate buffer diffracted to 2.0 AÊ resolution on a residues characteristic of the b strand breaks up in the
synchrotron source. The crystal structure was deter- middle of strands b3 and b4, where these strands form
mined by multiple isomorphous replacement and has
b bulges with two consecutive external residues (D3:been refined at 2.0 AÊ resolution to an R factor of 21.3% Ser-44/Asn-45, Glu-59/Gln-60; B: Cys-43/Asp-44, Gly-
and Rfree of 26.5% with good geometry (Table 1). Crystals 68/Leu-69). The B protein has a much longer L4 loop
of the full-length D1D2 protein complex in the hexagonal than the D3 protein, and the pairing of strands b3 andspace group P62 (a 5 b 5 76.8 AÊ , c 5 90.0 AÊ ) were b4 extends further into the L4 region (Figures 1C andgrown from 25% PEG4000, 0.2 M sodium citrate (pH
2C). Loop L5 crosses over and closes the open end of5.6), 0.2 M ammonium acetate, 15% glycerol. The crystal
the bent b sheet, and b5 pairs with b1 to form a bstructure of the D1D2 protein complex was solved by barrel±like structure. Although the Sm proteins bearmultiple isomorphous replacement and has been refined
some topological and structural similarities to proteinsat 2.5 AÊ resolution to an R factor of 25.8% and Rfree of
containing a strongly bent b sheet or b barrel (SH3;29.0% with good geometry (Table 2).
TFIIA) (Musacchio et al., 1992; Geiger et al., 1996; TanGel filtration and dynamic light scattering experiments
et al., 1996), the absence of overall structural and se-indicated that both the D3B and D1D2 protein complexes
quence similarities to these proteins shows that the Smare heterodimeric in solution. The asymmetric unit of
proteins form an evolutionarily distinct protein family.the D1D2 crystal contains one D1D2 complex, and the D1
protein contacts three D2 proteins in the crystal. One of
the D1D2 protein interfaces (interface area of 2070 AÊ 2) is
Conservation of the Sm Foldmuch more extensive than the other two (interface area
The D3 and B proteins were truncated essentially to theof 736 and 1087 AÊ 2) (Lo Conte et al., 1999) and is readily
Sm motif (D3 residues 1±75, B residues 2±91), whereasidentified as the D1D2 heterodimer interface in solution.
the D1 and D2 proteins in the crystal are both full length,The asymmetric unit of the D3B protein crystals contains
containing 119 and 118 residues, respectively. The lasttwo rings. Each consists of three D3B heterodimers ar-
39 residues of the D1 protein, including 9 alternatingranged around a noncrystallographic three-fold axis
Arg±Gly repeats at the very C-terminal end, are not or-such that the D3 and B proteins alternate around each
dered and hence are excluded from the current model.ring. Hence, there are two distinct D3B protein interfaces.
The first 27 residues of the D2 protein preceding helixThe packing of the Sm proteins is different between
A as well as loop L4 (residues 76±90) are not ordered andthe D1D2 and D3B crystals, but one of the D3B protein
excluded from the current model. The ordered regions ofinterfaces is structurally identical to the most extensive
the D1 and D2 proteins therefore consist predominantlyD1D2 dimer interface. Therefore, we conclude that these
of the Sm1 and Sm2 motifs. The structures of the bentD1D2 and D3B complexes are the respective heterodim-
b sheet of the four core proteins made of the Sm1 anders in solution.
Sm2 motifs superimpose well (Figure 3A). The rms devia-
tion of Ca atom positions within the Sm1 and Sm2 motifsThe Sm Fold
is less than 0.9 AÊ for all pairwise superpositions of theseThe amino acid sequence alignment of the seven snRNP
four Sm proteins. For comparison, the rms deviation forcore proteins shows two conserved segments corre-
sponding to the Sm1 and Sm2 motifs (Cooper et al., the Sm motif Ca positions between all six copies of the
Cell
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Table 1. X-Ray Structure Determination for the D3B Protein Complex
Data Collection
Derivative 1 Derivative 2 Derivative 3
Native 1 Native 2 K2Pt(CN)6 Me3PbOAc PMB
Resolution range 24.6±2.4 AÊ 25.2±2.0 AÊ 38.6±3.0 AÊ 36.5±3.0 AÊ 38.7±2.8 AÊ
Wavelength (AÊ ) 0.8725 0.9900 1.5418 1.5418 0.8725
X-Ray source SRS, PX9.6 Elettra CuKa CuKa SRS, PX9.6
Unique reflections 50,252 88,556 25,921 25,665 29,747
Mean redundancy 3.3 4.8 3.5 3.4 6.1
Completeness (%) 99.1 (95.9) 99.1 (98.6) 98.3 (98.3) 98.1 (87.4) 97.6 (97.6)
(outer shell)
Reflections with I . 3sI (%) 100 69.3 100 88.7 100
Rsyma 0.110 0.097 0.083 0.112 0.100
Rdiff (vs. Native 1)b Ð Ð 0.137 0.128 0.153
Phasing
Number of sites 9 11 21
Phasing power c Acentric 1.477 1.507 1.777
(Anomalous) 0.577 0.577 1.308
Centric 1.242 1.454 1.713
Cullis R factor, centricd 0.732 0.797 0.591
Mean FOMe Acentric 0.5044 Centric 0.5114 (for 24.5±2.8 AÊ )
Solvent Flattening
Number of cycles 100
Resolution range 24.5±2.40
Mean overall FOMe 0.9436
Refinement and Model Correlation
Resolution range 20±2.0 AÊ
Number of atoms 8,132 (562 water molecules)
Number of reflections 86,568
used in refinement
R factor 0.213
Rfree factor 0.265
Number of reflections 4075
used for Rfree
Average atomic B factor (AÊ 2) 32.0
Deviations from ideal geometry
Bond lengths (AÊ ) 0.015
Angle distance (AÊ ) 0.034
Planes 0.045
a Rsym 5 S|I 2 ,I.|SI, where I is the observed intensity and ,I. is the average intensity from multiple measurements.
b Rdiff 5 S||FPH| 2 |FP||/S|FP| where |FP| is the protein structure factor amplitude and |FPH| is the heavy-atom derivative structure factor amplitude.
c Phasing power is root-mean-square (|Fh|/E), where |Fh| is the heavy atom structure factor amplitude and E is the residual lack of closure
error.
d Cullis R factor 5 (|E|/Diso), where Diso 5 ||FPH| 2 |FP||.
e FOM, figure of merit.
D3 protein in the asymmetric unit is 0.16 AÊ , and the chain amide of Gly-74 and the carboxyl group of the
highly conserved Asp-35 (Figures 1B and 2C). In the D1corresponding value for the B protein copies is 0.43 AÊ .
The hydrogen bond network within the five-stranded b and D2 proteins, these hydrogen bonds are conserved: in
the D1 protein, the side chain of Asn-37 forms hydrogensheet observed in the D3 and B proteins (Figures 1B and
1C) is essentially conserved in the D1 and D2 proteins. bonds with the amide group of Gly-62 and the g-carboxyl
group of Asp-33; and similarly in the D2 protein, the sideHowever, the length of the N-terminal helix and its orien-
tation with respect to the b sheet is somewhat variable chain of Asn-64 is hydrogen bonded to the main chain
amide group of Gly-103 and the g-carboxyl group of(Figure 3A). The length of L4 is also variable (Figure 1A),
and loop L4 of the D2 protein, longest of the Sm proteins, Asp-60. These three residues are conserved in all the
Sm proteins (Figure 1A) except in D3, and the hydrogenis ordered poorly in the crystal. The region between
residues 74 and 80 of the D1 protein forms an extra bonding pattern seen in the B, D1, and D2 proteins is likely
to be conserved in the remainder of the Sm proteins (E,helix. The D3 and B proteins used for crystallization are
truncated, and it is likely that the C-terminal regions of F, and G proteins). The D3 protein is unique in that the
side chain of the absolutely conserved Asn-40 formsthese proteins have an extra structure in the full-length
proteins. hydrogen bonds with the main chain amide of Gly-65 and
the phenol oxygen of Tyr-62, which is in turn hydrogenIn the B protein, the side chain of the absolutely con-
served Asn-39 forms hydrogen bonds with the main bonded to Glu-36, which corresponds to Asp-35 in the
Crystal Structure of the Core snRNP Proteins
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Table 2. X-Ray Structure Determination for the D1D2 Protein Complex
Data Collection
Derivative 1 Derivative 2
Native 1 Native 2 MeHg K2Pt(CN)6
Resolution range 20.0±2.9 AÊ 18.5±2.5 AÊ 20.0±2.62 AÊ 24.2±3.0 AÊ
Wavelength (AÊ ) 1.000 1.3412 1.000 0.8725
X-Ray source Elettra Elettra Elettra SRS PX9.6
Unique reflections 6,469 10,226 8,952 6,047
Mean redundancy 3.4 3.9 4.8 3.5
Completeness 97.1 (93.3) 98.7 (99.9) 95.4 (84.1) 98.5 (93.9)
(outer shell)
Reflections with I . 3sI (%) 85.5 71.3 74.2 73.3
Rsyma 0.083 0.051 0.049 0.061
Rdiff (vs. Native 1)b Ð Ð 0.345 0.156
Phasing
Number of sites 2 2
Phasing powerc Acentric 1.2 1.0
(Anomalous) 1.88 0.60
Centric 1.1 0.84
Cullis R factor, centricd 0.84 0.80
Mean FOMe Acentric 0.38 Centric 0.46 (for 38.5±2.9 AÊ )
Solvent Flattening
Number of cycles 100
Resolution range 22.5±2.62
Mean overal FOMe 0.890
Refinement and Model Correlation
Resolution range 18.49±2.50 AÊ
Number of atoms 1,316 (16 water molecules)
Number of reflections 10,225
used in refinement
R factor 0.258
Rfree factor 0.290
Number of reflections 431
used for Rfree
Average atomic B factor (AÊ 2) 45.3
Deviations from ideal geometry
Bond lengths (AÊ ) 0.010
Angle distance (AÊ ) 0.029
Planes 0.031
See footnotes to Table 1 for definition of symbols.
B protein (Figures 1C and 2A). These hydrogen bonds protein and Pro-6, Leu-10 (helix A), Val-18 (b1), Leu-32
(b2), Met-33 (loop L3), Ile-68, Leu-71, and Leu-73 (b5)are important in reinforcing the b sheet and the strong
conservation of these residues as well, as the neigh- of the D3 protein (Figure 4C). Pro-6 in D3 also makes
close contacts with Ala-33, the highly conserved Asp-boring Arg-64 in D3 and Arg-73 in B suggests that they
may have an additional function such as RNA binding. 35 and Asn-39, as well as Ile-41 of the B protein (Figure
4C). Third, a salt bridge between Glu-21 of the D3 protein
and Arg-65 of the B protein on the opposite side of theThe Formation of the D3B Protein Complex
In the D3B heterodimer, strand b4 of the B protein pairs b sheet (Figure 4D) also stabilizes the dimer. These two
residues are conserved in the D1D2 complex but do notwith strand b5 of the D3 protein, forming an extended
antiparallel b sheet (Figure 4A). The D3 protein is there- form a salt bridge. The guanidinium groups of three
arginine residues (Arg-49 and Arg-25 of B and Arg-69fore referred to as the b4 neighbor of the B protein and
the B protein as the b5 neighbor of the D3 protein. The of D3) show stacking interactions.
intermolecular interactions within the heterodimer can
be divided into three groups. First, the pairing of the Conserved Interfaces in the D1D2
and D3B Protein Complexestwo b strands, which is stabilized by a hydrophobic
cluster involving Phe-70 and Ile-72 of D3 and Leu-67, In the D1D2 protein complex, strand b4 of the D2 protein
pairs with strand b5 of the D1 protein through main chainVal-70, Leu-72, and Phe-27 of B (Figure 4B). Second,
the amphipathic helix A and parts of strands b2 and b3 hydrogen bonding in a manner analogous to the inter-
action seen in D3B protein complex (Figure 4B). Super-of the D3 protein lie over the surface of the b sheet of
the B protein, forming a hydrophobic cluster involving position of the D3B and D1D2 complexes shows that the
geometrical relationship between the two subunits withinIle-41, Cys-43 (b3), Leu-69, and Leu-71 (b4) of the B
Cell
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Figure 2. Ribbon Representations of the Crystal Structure of the D3 and B Proteins
(A) D3 protein (front view) with the hydrogen bonding network involving Tyr-62 and highly conserved residues Glu-36, Asn-40, Arg-64, and
Gly-65.
(B) D3 protein (side view).
(C) B protein (front view) including highly conserved residues Asp-35, Asn-39, Arg-73, and Gly-74. Strands are color coded as in Figure 1.
Figure produced with SETOR (Evans, 1993).
the two heterodimeric complexes is also well conserved Further Assembly of the Core Proteins
The b5 strand of the B protein within the heterodimer(Figure 3B). The rms deviation of the Ca positions within
is freely available to interact with the b4 strand of anotherthe Sm1 and Sm2 motifs is less than 0.9 AÊ between the
core protein, and similarly the b4 strand of the D3 proteinD1D2 and D3B protein complexes. The C-terminal end of
is available to interact with the b5 strand of anotherthe D1 protein forms an additional helix not present in
protein. Hence, each core protein can have both b4 andthe three other core proteins studied here. The interface
b5 neighbors simultaneously, and as a result the corebetween the D1 and D2 proteins is more extensive than
proteins can form a multisubunit complex using thethat between the D3 and B proteins, as both the N- and
same subunit interface as observed in the two coreC-terminal helices as well as strands b2 and b3 of the
protein complexes. Modeling of a multisubunit complexD1 protein lie over the surface of the b sheet of the D2
based on the D1D2 complex structure shows that sevenprotein (Figure 3B), stabilizing the dimer by forming a
core proteins could form a complete ring, as shown inhydrophobic cluster. Leu-3, Phe-6, Leu-7, Leu-10 (helix
Figure 5A. The angle between strands b4 and b5 inA), Met-36 (b3), Phe-68, Ile-69 (b5), Leu-76, and Leu-80
each protein determines the geometrical relationship(C-terminal helix) of the D1 protein and Ala-58 (b2), Val-
between adjacent subunits, hence the number of sub-66 (b3), and Phe-100 (b4) of the D2 protein are involved
units within the ring. Similarly, the trp RNA-binding at-in the hydrophobic cluster. The D1D2 protein complex is tenuation protein (TRAP) from Bacillus subtilis formsalso stabilized by hydrogen bonds between the e-amino
a complex consisting of 11 identical subunits through
group of Lys-98 of the D2 protein and the main chain intersubunit pairing of b strands (Antson et al., 1995).
carbonyl groups of Asp-72 and Leu-74 of the D1 protein.
The conservation of the amino acid sequence of the
core Sm proteins is thus reflected not only in the struc- EFG Protein Complex
ture of the individual proteins (Figure 3A) but also in The E, F, and G proteins can be immunoprecipitated
their subunit interfaces (Figure 3B). This conclusion can together with anti-F polyclonal antibody, although nei-
be extended to the structure of the homologous E, F, ther E nor G alone nor F and G together could be precipi-
and G proteins and allows us to build a model of a higher tated by the same antibody (Raker et al., 1996). E and
G or E and F can be coimmunoprecipitated with Y12order assembly.
Crystal Structure of the Core snRNP Proteins
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Figure 3. Structural Conservation of the Sm Proteins and Sm Protein Dimers
(A) Superposition of the Ca backbones of D1, D2, D3, and B protein structures. L4 loops and N-terminal segments including helix A are the
most variable parts of the structures. Only the a carbon atoms of the Sm1 and Sm2 motif residues were used for the superposition. The
poorly ordered loop L4 of the D2 protein is not included in the current model. B, blue; D1, green; D2, red; D3, orange.
(B) Superposition of the D3B and D1D2 complexes. Only the a carbon atoms of the Sm1 and Sm2 motifs are used for superposition (rms
deviation of the Ca positions , 0.9 AÊ ). Proteins are color coded as in (A). Figure produced with SETOR (Evans, 1993).
monoclonal antibody, whereas they are not precipitated trimeric complexes could associate into a hexameric
ring through two F±G interfaces. As seven subunits areindividually. These results show that the E, F, and G
proteins form a complex in which the interaction be- needed to close the ring, the interfaces between the
two trimers may not be as stable as the D1D2 or D3Btween G and F is mediated by the E protein. The same
conclusion was drawn from experiments using the yeast contacts and may dissociate to interact with the D1D2
protein during the core domain assembly. As no strongtwo-hybrid system (Camasses et al., 1997; Fury et al.,
1997). The mutagenesis experiment of yeast E protein F±F, G±G, or F±G interactions have been observed by the
yeast two-hybrid experiment or by immunoprecipitation,by Camasses et al. (1997) provided clues to identify the
b4 and b5 neighbors of the E protein. The Ile-90→Arg the interaction between the F and G proteins probably
occurs only after the formation of the FEG trimers.mutation in yeast E protein abolished the interaction
with G without affecting the F±E interaction. Ile-90 of
yeast E protein, which corresponds to Leu-71 of human Architecture of the Core Domain
Based on the crystal structure of the D1D2 and D3B pro-D3, is located on strand b5. This indicates that the G
protein is the b5 neighbor of the E protein. The Leu- tein complexes, we have shown that the Sm proteins
could form a seven-membered ring (Figure 5A). Is it81→Pro, Asp-47→Ala, and Asp-47→His mutations in
yeast E protein abolished the E±F interaction without possible to arrange the seven core proteins (B/B9, D1,
D2, D3, E, F, and G proteins) within a heptameric ring inaffecting the E±G interaction. Leu-81 and Asp-47 of
yeast E protein, corresponding to Leu-81 and Asp-35 a manner consistent with the existing biochemical data?
The B and B9 differ only slightly at the C terminus (vanof the human B protein, are located at the D3B protein
interface and are important for the interaction with the Dam et al., 1989; Chu and Elkon, 1991) and are likely to
be functionally indistinguishable during the assemblyb4 neighbor (Figure 3C). Hence, the F protein is the b4
neighbor of the E protein. process. The three subcomplexes, the D3B, D1D2, and
FEG-trimer complexes, are stable during purification inPlessel et al. (1997) and C. K. et al. (unpublished re-
sults) showed that the E, F, and G proteins form a hexam- high salt and are likely to remain intact in the fully assem-
bled core domain. The D3 protein is the b4 neighbor oferic subcomplex containing two copies of each subunit.
A negatively stained electron micrograph of this com- the B protein, and similarly the D1 protein is the b4
neighbor of the D2 protein. Mutagenesis data indicateplex reveals a doughnut-shaped ring with outer diameter
of 65 AÊ , inner diameter and thickness of 20 AÊ . Two FEG that the F and G proteins are the b4 and b5 neighbors
Cell
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Figure 4. The Interaction between the D3 and B Proteins within the Heterodimer
(A) Stereo view of the D3B dimeric complex. D3, orange; B, blue. The b5 strand of the D3 protein pairs with the b4 strand of the B protein,
forming a continuous antiparallel b sheet. The loops L2, L3, L4, and L5 are extending in the same direction.
(B) Ball-and-stick model (stereo view) of the main dimer interface stabilized by the paired b strands and hydrophobic clustering of Phe-27
(strand b2) of the B protein and Phe-70 of the D3 protein. The hydrogen bond between the Gly-65 of D3 and Arg-73 of B stabilizes the
conformation of loop L5.
(C) A close-up stereo view of the D3 and B protein interface including the hydrophobic cluster between residues on the b sheet outer surface
of the B protein and residues on helix A and strands b1, b2, and b5 of the D3 protein. Pro-6 of the D3 protein makes close contact with Ala-
33, the highly conserved Asp-35 and Asn-39, and Ile-41 of the B protein.
(D) The intersubunit salt bridge between Glu-21 (D3) and Arg-65 (B) and a cluster of arginines showing stacking of the guanidinium groups
(Arg-69 of D3 and Arg-25 and Arg-49 of B). The sigma A±weighted 2Fo 2 Fc map indicates the high quality of the electron density. Figure
produced with SETOR (Evans, 1993).
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Figure 5. Proposed Higher-Order Assembly
of the Human Core snRNP Proteins
(A) Ribbon diagram of the heptamer model
(Evans, 1993). The seven core Sm proteins
(B/B9, D1, D2, D3, E, F, and G) are arranged
within the seven-membered ring based on the
crystal structures of the D1D2 and D3B com-
plexes and pairwise interactions deduced
from biochemical and genetic experiments.
For each protein, its b4 neighbor is located
in the clockwise direction. The subunit ar-
rangement within the FEG trimer is based on
a mutagenesis study of yeast E protein in-
vestigating its interaction with the F and G
proteins (Camasses et al., 1997). The interac-
tions between D2 and F as well as between
D3 and G have been reported based on a
yeast two-hybrid experiment and, indepen-
dently, by immunoprecipitation (Raker et al.,
1996; Fury et al., 1997). (B) Surface represen-
tation (Nicholls et al., 1991) of the heptameric
ring model with electrostatic potential (blue,
positive; red, negative) viewed as in (A). (C)
Side view. (D) Bottom view. Note that the cen-
tral hole is highly basic and the surface of the
assembly is asymmetric both in shape and
charge. Figure 5A produced with SETOR (Ev-
ans, 1993), and Figures 5B±5D produced by
GRASP (Nicholls et al., 1991).
of the E protein, respectively (Camasses et al., 1997), Figures 5A±5D accounts for only 58% of the total mass
of the core proteins. Some of the poorly ordered regionsand the FEG protein trimer was modeled based on the
D1D2 structure (see Experimental Procedures). For a not seen in the crystal structure are likely to become
ordered in the fully assembled core domain and maygiven protein, its b4 neighbor is located in the clockwise
direction in Figure 5A. The interaction between the D2 account for a substantial part of the other hemisphere
together with the RNA and the C-terminal ca. 150 resi-and F proteins has been detected by the yeast two-
hybrid experiments and immunoprecipitation, and we dues of the B/B9 protein not included in the construct
used for crystallization.hence placed D2 and F next to each other within the
ring. The D3 and G proteins are also known to interact If the FEG hexamers observed by electron microscopy
remain intact in the fully assembled core domain, anwith each other and are placed next to each other in
Figure 5A. Weak interaction between the B and D1 pro- alternative model must be considered (Plessel et al.,
1997). The FEG hexamer has a two-fold symmetry, andteins is also detected by immunoprecipitation (V. A. R.
and R. L., unpublished results). Hence, all the Sm pro- two D1D2 complexes are likely to bind to the hexamer,
leaving only a space for a single Sm protein in between.teins can be arranged within the heptamer in a manner
consistent with all the pairwise subunit interactions de- Therefore, either one D3B complex replaces one of the
D1D2 complexes, or two D3B complexes bind on thetected by the immunoprecipitation and yeast two-hybrid
experiments (Raker et al., 1996; Camasses et al., 1997; opposite surface. These models are less plausible, as
they require additional modes of subunit interactionsFury et al., 1997). The modeled heptamer ring has an
outer diameter of 70 AÊ and a diameter of the central not observed in the D1D2 or D3B crystals and do not
satisfy the reported pairwise subunit interactions simul-hole of 20 AÊ when only the main chain atoms are consid-
ered, in good agreement with the dimensions of the core taneously (Raker et al., 1996; Camasses et al., 1997;
Fury et al., 1997).domain estimated by electron microscopy (Kastner et
al., 1990, 1992) (Figures 5B±5D).
In negatively stained electron micrographs, the core Interactions between the Core Proteins
and snRNAdomain often appeared to be round, but it is not yet
possible to conclude whether the core domain is a The electrostatic surface potential shown on the hep-
tamer ring model (Figures 5B±5D) indicates that the cen-sphere, a ring, or a hemisphere like our heptamer model
(Figure 5C). The atomic models of the D3B and D1D2 tral hole is highly basic, suggesting that the snRNA is
likely to bind to or go through this hole. The central holecrystals contain approximately 70 residues of each pro-
tein chain, and therefore the heptamer model shown in is too small to accommodate a double-stranded RNA
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but large enough for a single-stranded RNA of the Sm Sm site (LuÈ hrmann et al., 1990; Baserga and Steitz, 1993;
Moore et al., 1993; Frank et al., 1994; Nilsen, 1994; New-sequence to bind. The polypeptide loops L2, L3, L4, and
L5 of each core protein protrude into the central hole man, 1997). When these sites interact with the intron
and with each other in the fully assembled spliceosome,(Figures 3A and 5A) and, like the antigen-binding CDR
loops of immunoglobulin, they are well suited for binding the core domains are likely to be brought into proximity.
ligands. The conserved feature of the Sm site is a run
of five or six U's preceded by A and followed by G.
Evolution of Sm Proteins and theUnlike free adenosine, the N7 atom of this adenosine
Splicing Machineryis readily methylated by dimethyl sulphate when it is
The Sm and Sm-like proteins are found in all eukaryoticincorporated in the subcore domain lacking the B and
cells throughout the plant and animal kingdoms (CooperD3 proteins as well as in the fully assembled core domain
et al., 1995; Hermann et al., 1995; SeÂ raphin, 1995), and(Hartmuth et al., 1999). This shows that the chemical
therefore they must have appeared early in evolution.environment of this adenosine is very similar in both
The ancestral Sm protein probably formed homooligo-complexes. The AAU sequence present at the 59 end of
mers, which gradually diverged into seven distinct pro-the Sm site of the U1 snRNA can be cross-linked to the
teins. The asymmetry of the assembly in both shape andG protein by ultraviolet light (Heinrichs et al., 1992). The
electrostatic potential allows the flanking RNA stems toAAU sequence is therefore in close contact with the G
interact with the surface of the core domain and extendprotein. In the subcore domain, the protein subunits are
in a specific direction. The long L4 loops in the B andarranged in the order of G-E-F-D2-D1 according to our
D2 proteins are strongly basic and may also interact withmodel (Figure 5A), and therefore the Sm sequence is
one of the RNA stems flanking the Sm site. The corelikely to bind along the inner surface of the protein com-
domain also provides an asymmetric platform to whichplex toward the D1 protein. The most highly conserved
specific protein components such as the U1 70K andamino acid residues located near loops L3 and L5 are
U1C protein can bind stably (Nelissen et al., 1994). Thelikely to be involved in nucleotide binding. In the B pro-
roles of the individual core Sm proteins remained largelytein, the side chain of Asn-39 is hydrogen bonded to
unchanged during eukaryotic evolution, as a homologthe side chain of Asp-35 and the main chain amide of
for each of the seven human core proteins can readilyGly-74 (Figure 2C). These three residues, as well as
be identified in yeast based on sequence similaritiesthe neighboring Arg-73, are conserved in all the core
(Cooper et al., 1995; Hermann et al., 1995; SeÂ raphin,proteins except in D3 and may be involved in the binding
1995). Furthermore, the E protein gene is essential forof U's within the Sm site in each of these proteins. The
viability in yeast but can be replaced by its human coun-D3 protein is unique in that Glu-36 (corresponding to
terpart without affecting viability (BordonneÂ and Taras-Asp-35 of B) is hydrogen bonded to Tyr-62, which is in
sov, 1996).turn hydrogen bonded to Asn-40 (corresponding to Asn-
The Sm sites are found not only in the major spliceoso-39 in B) (Figure 2A). The base of the last nucleotide (G)
mal snRNAs (U1, U2, U4, and U5 snRNAs) but also inof the Sm site might bind to the D3 protein through
U11, U12, and U4atac snRNAs involved in the splicingstacking interaction with Tyr-62 and hydrogen bond for-
of minor AT-AC intron species (Tarn and Steitz, 1997).mation with Glu-36 and Asn-40. Both RNA and DNA
The binding sites for the specific proteins in the U1 andbases are often hydrogen bonded to Gln, Asn, Asp,
U2 snRNPs are not conserved in the corresponding U11Glu, or Arg side chains tethered by hydrogen bonds to
and U12 snRNAs, and hence the core snRNP domainanother amino acid, and the stacking interaction be-
appears to be the only conserved feature in the majortween an RNA base and an aromatic amino acid side
and AT-AC spliceosomal snRNPs. This might imply thatchain plays an important role in RNA±protein recognition
the core snRNPs have important conserved functionsin the U1A and U2B99 proteins (Oubridge et al., 1994;
such as mediating the interactions between the snRNPsPrice et al., 1998), MS2 phage coat protein (ValegaÊ rd et
within the spliceosome.al., 1994), and some aminoacyl-tRNA synthetases (Ca-
Nuclear pre-mRNA splicing and group II intron self-varelli et al., 1993).
splicing are mechanistically very similar, both involvingThe Sm site is flanked by double-stranded stems in
a circular lariat intron intermediate. Hence, it has beenthe U1, U2, U4, and U5 snRNA (LuÈ hrmann et al., 1990;
postulated that nuclear pre-mRNA splicing may haveBaserga and Steitz, 1993; Moore et al., 1993; Nagai and
evolved from group II intron self-splicing (Cech, 1985;Mattaj, 1994). Do the snRNAs enter the central hole from
Sharp, 1985; Weiner, 1993) and that the spliceosomalone side of the ring and exit from the other? The electron
snRNAs may have been derived from fragments of groupmicrographs of U2 snRNP show that the domain con-
II self-splicing introns (Sharp, 1987; Newman and Nor-taining the 59 end of U2 snRNA and the domain con-
man, 1992; Weiner, 1993). The folding of the group II self-taining the 39 end of RNA and the U2B99±U2A9 protein
splicing intron into a catalytically active conformation iscomplex are located on the opposite sides of the core
achieved through pairing of complementary stretchesdomain (Kastner et al., 1990), and this might suggest
as well as tertiary interactions within the intron. Thethat U2 snRNA goes through the hole. It is interesting
assembly of trans-acting RNA fragments of a group IIto note that the functional ends of the snRNAs, such as
intron into a ªprimitive spliceosomeº was probably facili-the 59 end of the U1 snRNA that binds the 59 splice site
tated by their association with basic proteins, whichof pre-mRNA, the binding sites in the U2 snRNA for the
initially merely reduced the electrostatic repulsion be-branchpoint and U6 snRNA±binding sites, the con-
tween the RNA components but later started playingserved loop of the U5 snRNA, and the U6 snRNA±binding
region of U4 snRNA are all located on the 59 side of the more active roles in mediating the interactions between
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refined with REFMAC (Murshudov et al., 1997), with tight noncrys-the primitive snRNPs. The ancestral core Sm proteins
tallographic symmetry (NCS) restraints on the six copies of eachmay have played such a role, but the present spliceo-
protein in the asymmetric unit. After three rounds of model buildingsomes have recruited many more protein components
and refinement, the resulting model was used for a rigid-body refine-
in order to increase both the efficiency and fidelity of ment against the higher resolution but nonisomorphous native data
the splicing reaction (Baserga and Steitz, 1993; Moore set 2 (Na3-citrate crystallization condition). In five subsequent
rounds of refinement, NCS and geometric restraints were graduallyet al., 1993).
lowered to result in an R factor of 21.3% and Rfree of 26.5% with
good geometry (Table 1).
Experimental Procedures The D1D2 Complex
A native data set (native 1) was collected from frozen crystals along
Protein Preparation and Crystallization with a methylmercury derivative data set at Elettra synchrotron (l 5
The D3B Protein Complex 1.0 AÊ ). A K2Pt(CN)6 derivative data set was collected at station PX9.6
An N-terminal fragment of a mutant (Ser66Cys) human D3 protein at Daresbury (l 5 0.87 AÊ ). All data were processed using programs
(residues 1±75) fused to a hexa-histidine tag via a TEV protease of the CCP4 package (Dodson et al., 1997). The methylmercury
cleavage site was coexpressed in E. coli with a fragment of the B derivative (CH3HgNO3) gave clear isomorphous and anomalous dif-
protein (residues 1±91) using a pQE30 vector (Qiagen, Hamburg). ference Patterson peaks that were interpreted using SHELXS-90 (Shel-
The proteins were purified as a complex on a Ni-NTA agarose (Qia- drick, 1991). Heavy atom refinement and phase calculations were
gen) column using a 50±500 mM imidazole gradient and dialyzed performed in SHARP (de la Fortelle and Bricogne, 1997). The differ-
against 20 mM NaHEPES (pH 7.5), 0.2 M NaCl, 5 mM b-mercaptoeth- ence Fourier method was used to locate the heavy atom sites in
anol. The hexa-histidine tag was removed by overnight digestion at the Pt derivative and their positions were also refined in SHARP.
228C with recombinant hexa-histidine-tagged TEV protease at the The resulting MIR map at 2.9 AÊ resolution was readily interpretable
enzyme to substrate ratio of 1:50 (Parks et al., 1994). Uncleaved after solvent flattening with SOLOMON (Abrahams and Leslie, 1996)
material, liberated histidine tag, and the tagged TEV protease were implemented in SHARP (de la Fortelle and Bricogne, 1997). An initial
removed by a second Ni-NTA agarose chromatography. The eluted model was built with the program O (Jones and Kjeldgaard, 1994)
D3B complex was dialyzed exhaustively against 10 mM Na/K phos- and refined with REFMAC (Murshudov et al., 1997). A higher resolu-
phate (pH 5.0), 5 mM DTT, concentrated to 0.5 mM, and stored in tion native data set (native 2) collected at 2.5 AÊ resolution at ELET-
liquid nitrogen. The D3B protein complex was crystallized in the TRA had significantly different cell parameters (a 5 b 5 75.5 AÊ , c 5
orthorhombic space group P212121 at 208C by the sitting drop vapor 92.1 AÊ ), and hence a rigid-body refinement was carried out using
diffusion method either from 1.8 M Na/K phosphate buffer (pH 8.5), REFMAC (Murshudov et al., 1997). The structure was then refined
15% glycerol, 10 mM spermidine (native 1 and derivatives 1±3; see by three rounds of model building and refinement with REFMAC to
Table 1) (a 5 107.4 AÊ , b 5 108.5 AÊ , c 5 110.3 AÊ ) or 1.4 M Na3-citrate an R factor of 25.8% and Rfree of 29.0% with good geometry (Table
(pH 8.5), 15% glycerol, 5 mM DTT (native 2) (a 5 108.3 AÊ , b 5 2). The current model includes residues 2±80 of the D1 protein (119
109.3 AÊ , c 5 111.2 AÊ ). residues in total), residues 27±75 and 91±118 of the D2 protein (118
The D1D2 Protein Complex residues in total), and 16 water molecules. Unaccounted electron
A coding sequence of human D1 protein was designed using codons density contributes to somewhat higher R factors for this structure.
found in highly expressed E. coli genes (Ikemura, 1982). A synthetic Model Building of a Higher-Order Structure
D1 protein gene was assembled with chemically synthesized deoxy- The D1 subunit of one coordinate file of the D1D2 complex was
oligonucleotides and cloned into a T7 expression vector together superimposed onto the D2 subunit of another coordinate file using
with the natural D2 cDNA sequence (Studier et al., 1990). Full-length LSQMAN (Jones and Kjeldgaard, 1994). This procedure creates a
D1 and D2 proteins were overproduced in the BL21(DE3) pLysS strain third subunit interacting with the second subunit in the same way
after induction with IPTG. A cleared lysate was applied to an SP- the second does with the first subunit. By repeating this procedure,
Sepharose (Pharmacia) column that had been equilibrated with 0.5 it was found that seven subunits form a complete seven-membered
M NaCl, 0.5 M urea, 10 mM DTT, 1 mM EDTA, 20 mM Na HEPES ring. The FEG subcomplex model was created by mutating residues
(pH 7.4) and eluted with a linear gradient of 0.5±2 M NaCl. The D1D2 within the program O (Jones and Kjeldgaard, 1994). To complete
protein complex was crystallized in the hexagonal space group P62 the heptameric ring model, two adjacent protein positions were then
(a 5 b 5 76.8 AÊ , c 5 90.0 AÊ ) using the sitting drop method with 0.1 replaced by the D3B dimer.
M sodium citrate (pH 5.6), 0.2 M ammonium acetate, 15% glycerol,
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